Trichomonads are among the earliest eukaryotes to diverge from the main line of eukaryotic descent. Keeping with their ancient nature, these facultative anaerobic protists lack two "hallmark" organelles found in most eukaryotes: mitochondria and peroxisomes. Trichomonads do, however, contain an unusual organelle involved in carbohydrate metabolism called the hydrogenosome. Like mitochondria, hydrogenosomes are double-membrane bounded organelles that produce ATP using pyruvate as the primary substrate. Hydrogenosomes are, however, markedly different from mitochondria as they lack DNA, cytochromes and the citric acid cycle. Instead, they contain enzymes typically found in anaerobic bacteria and are capable of producing molecular hydrogen. We show here that hydrogenosomes contain heat shock proteins, Hsp7O, Hsp6O, and HsplO, with signature sequences that are conserved only in mitochondrial and a-Gram-negative purple bacterial Hsps. Biochemical analysis of hydrogenosomal Hsp6O shows that the mature protein isolated from the organelle lacks a short, N-terminal sequence, similar to that observed for most nuclear-encoded mitochondrial matrix proteins. Moreover, phylogenetic analyses of hydrogenosomal Hsp7O, Hsp6O, and HsplO show that these proteins branch within a monophyletic group composed exclusively of mitochondrial homologues. These data establish that mitochondria and hydrogenosomes have a common eubacterial ancestor and imply that the earliest-branching eukaryotes contained the endosymbiont that gave rise to mitochondria in higher eukaryotes.
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The origin of the hydrogenosome, an enigmatic organelle found exclusively in eukaryotes that lack mitochondria, has been a topic of much debate (1) (2) (3) (4) (5) (6) (7) . The hydrogenosome was first described (8, 9) and has been most extensively analyzed in trichomonads (4) . Hydrogenosome-like organelles have also been identified in a broad phylogenetic range of organisms, including rumen-dwelling ciliates (10) (11) (12) and fungi (13, 14) as well as free-living ciliates (3) . In addition to lacking mitochondria, organisms that contain hydrogenosomes also share the feature of being facultative anaerobes.
Hydrogenosomes are the site of pyruvate fermentation and play a central role in carbohydrate metabolism in trichomonads. Within the organelle, pyruvate is broken down to acetate, C02, and molecular hydrogen. This process is coupled to ATP formation via substrate-level phosphorylation. Biochemical analyses of hydrogenosomes have revealed properties that are similar to those of mitochondria; however, there are significant differences. For example, the enzyme that mediates decarboxylation of pyruvate in hydrogenosomes, pyruvate/ferredoxin oxidoreductase, is markedly different from its counterpart in mitochondria, the pyruvate dehydrogenase complex. Likewise, mitochondria-do-not possess a hydrogenase, a marker enzyme of the hydrogenosome, nor do they produce molecular hydrogen. Pyruvate/ferredoxin oxidoreductase and hydrogenase are, in contrast, commonly found in anaerobic bacteria. Like mitochondria, hydrogenosomes are bounded by a double membrane (15) ; however, the inner membrane neither forms cristae nor contains detectable cytochromes or cardiolipin as found in mitochondria (16, 17) . Also, hydrogenosomes do not appear to contain FOF1 ATPase activity (18) . On the other hand, ATP is produced in hydrogenosomes via catalysis by succinyl CoA synthetase (19, 20) , a Krebs cycle enzyme that catalyzes the same reaction in hydrogenosomes and mitochondria.
To determine whether hydrogenosomes share a common origin with mitochondria or evolved independently of mitochondria, we have conducted biochemical and phylogenetic analyses on heat shock proteins Hsp7O, Hsp6O, and HsplO of the trichomonad, Trichomonas vaginalis. Phylogenetic analyses using Hsp7O and Hsp60 have previously confirmed that mitochondria are endosymbiotic descendants from a-Gramnegative purple bacteria (21, 22) . The data reported here show that a common endosymbiont gave rise to both mitochondria and hydrogenosomes.
MATERIALS AND METHODS Cells. Trichomonads were cultured, and whole cell extracts, cytosolic fractions, and purified hydrogenosomes were prepared as described (19, 20) .
Isolation and Characterization of cDNA and Genomic Clones. T. vaginalis Hsp70 cDNA clone was isolated by screening an expression library with polyclonal antisera made against purified hydrogenosomes, as described (23) . A T. vaginalis Hsp70 genomic clone was isolated from a library constructed in A Zap (19) with the cDNA as a probe following standard procedures. Hsp6O and HsplO sequences were cloned by polymerase chain reaction (PCR) with T vaginalis genomic DNA as template. Degenerate primers sets 5'-GC(TC)GG-(TC)GG(TC)CCAGG(TC)AAGGG(TC)ATG-3' and 5'-AC-TGG(AG)ATCTT(AG)CG(AG)CC(AG)TG-3', and 5'-TC-(ACT)GG(CT)AT(CT)GT(CT)AT(CT)CCA-3' and 5'-C-(AG)AC(AG)AT(AG)GC(AG)AG(AG)AT(AG)TC-3' were used to generate 330-bp and 273-bp fragments encoding parts of Hsp6O and HsplO, respectively. The cloned PCR products were used as probes to obtain genomic clones containing the entire gene. The genes were sequenced according to the Sanger method (Sequenase 2.0 kit; United States Biochemical).
Immunoblot Analysis. T. vaginalis whole cell extracts, cytosolic fractions, and hydrogenosomes were isolated as described (20) . Lysates HsplOs, but not in others (Fig. 3C ).
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As a further test of a common ancestry for hydrogenosomes P16474 and mitochondria, we performed phylogenetic analyses on P36604 hydrogenosomal Hsps using 34 different Hsp7Os, 25 Hsp6Os, L14477 and 21 HsplOs (Table 1 ). Fig. 4 shows the results of analyses obtained using the PHYLIP 3.5c program (25) . Sequences X69556 aligned by PILEUP were bootstrapped 1000 times, protein X18687 distance matrices were determined, and phylogenies were L15189 P10868 X75821 constructed according to the Fitch program (Fig. 4) . Alterna-L15189 P10809 X75821
tive treeing algorithms, including neighbor-joining and PAUP X64137 programs (33) , yield identical topologies (data not shown). P12398 P19882 X75754 Moreover, the topology of the resulting trees is the same as that P22774 previously reported for Hsp-homologues (21, 22) . These P20583 L08791
analyses show that hydrogenosomal proteins Hsp7O and Hsp6O P29185 branch 99% of the time with a monophyletic group formed exclusively by mitochondrial homologues (Fig. 4 A and B ).
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Similarly, hydrogenosomal HsplO groups with mitochondrial P21239 homologues 62% of the time (Fig. 4C) . The long branch length P21241 of hydrogenosomal Hsp7O may result from unequal rates of P29215 amino acid replacement, leading to long branch attraction (34, Q02073 35). This unequal rate effect has been noted for domains of Q02073 different Hsp7Os (36) . In contrast, the branch length of both P08823 hydrogenosomal Hsp6O and HsplO do not appear to be affected by unequal rate effects. Moreover, the probability of P07889 all three hydrogenosomal Hsps branching with mitochondrial P22034 homologues simply by chance is essentially zero. Thus, the data P22880 shown in Fig. 4 demonstrate that hydrogenosomal and mitochondrial Hsps have a common eubacterial ancestor. L22180
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It was originally proposed that hydrogenosomes originated P35468 P35472 through the endosymbiotic adoption of an anaerobic bacterium by a primitive eukaryotic cell, in view of the ability of the P30779 organelle to metabolize in the absence of oxygen (5, 7). An P35862 opposing hypothesis, which took into account certain struc- T.vaginalis(Hy) Pumpkin(Mito)
T. vaginalis Hsp6O purified from hydrogenosomes lacks a 14-amino acid N-terminal sequence that is encoded in the gene. Hsp60 was isolated from purified hydrogenosomes (19) and subjected to N-terminal sequence analysis. The first 27 residues derived from amino acid sequencing (AKARDLKFGSDARDHLLLGVEKLADAV) match amino acids encoded in the gene, showing that the mature protein lacks 14 amino acids at the N terminus. Previously reported N-terminal sequences identified for Hsp60 isolated from mitochondria of pumpkin (Cucurbita sp., GenBank accession no. X70868) (28) and human (Homo sapiens, GenBank accession no. P10809) (29) and the presequences of these proteins, as well as the N terminus of E. coli Hsp6O (GenBank accession no. P06139) (30) are shown for comparison. The N-terminal sequences derived for T. vaginalis, pumpkin, and human Hsp6O are underlined. Hy, hydrogenosomal; Mito, mitochondrial. A hyphen indicates the amino acid is identical to that in the T. vaginalis protein, and period indicates a gap in the protein sequence.
of protein import machinery is a trait derived after establishment of an endosymbiont with a host cell; thus, the presence of similar import mechanisms argues against independent symbiotic origins. Moreover, our phylogenetic analyses show that mitochondrial and hydrogenosomal Hsps are closely related. These data strongly support the hypothesis that hydrogenosomes and mitochondria have a common eubacterial ancestor and have evolved from the same progenitor organelle. We propose that this progenitor organelle gave rise to mitochondria in the aerobic niches occupied by higher eukaryotes T. vaginalis (Hy) (1996) mitochondria in higher eukaryotes. It should be noted, however, that the possibility that the similar Hsps found in these three organelles are the remnants of lateral gene transfer by a different, transient, eubacterial symbiont cannot be strictly precluded.
Membrane-bounded organelles with hydrogenase activity have been identified in a broad range of amitochondriate organisms, including rumen-dwelling ciliates and fungi (6) . In addition to these symbiotic organisms, hydrogenosome-like organelles are also found in free-living ciliates (3). The patchy distribution of these organelles and their structural diversity suggest a polyphyletic origin (1) . However, the paucity of biochemical data on the organelles found in ciliates and fungi makes it difficult to determine the precise relationship between these organelles and trichomonad hydrogenosomes. Whether the shared origin reported here for T. vaginalis hydrogenosomes and mitochondria also applies to hydrogenosome-like organelles remains to be determined.
